ABSTRACT -Pentachlorophenol (PCP) was monitored for transcriptome responses in adult mouse liver at 2, 4, 8 and 24 hr after a single oral administration at four dose levels, 0, 10, 30 and 100 mg/kg. The expression data obtained using Affymetrix GeneChip MOE430 2.0 were absolutized by the Percellome method and expressed as three dimensional (3D) surface graphs with axes of time, dose and copy numbers of mRNA per cell. We developed the programs RSort, for comprehensive screening of the 3D surface data and PercellomeExploror for cross-referencing and confirmed the significant responses by visual inspection. In the first 8 hr, approximately 100 probe sets (PSs) related to PXR/SXR and Cyp2a4 and other metabolic enzymes were induced whereas Fos and JunB were suppressed. At 24 hr, about 1,200 PSs were strongly induced. We cross-referenced the Percellome database consisting of 111 chemicals on the liver transcriptome and found that about half of the PSs belonged to the metabolic pathways including Nrf2-mediated oxidative stress response networks shared with some of the 111 chemicals. The other half of the induced genes were interferon signaling network genes (ISG) and their induction was unique to PCP. Toll like receptors and other pattern recognition receptors, interferon regulatory factors and interferon alpha itself were included but inflammatory cytokines were not induced. In summary, these data indicated that functional symptoms of PCP treatment, such as hyperthermia and profuse sweating might be mediated by the ISG rather than the previously documented mitochondrial uncoupling mechanism. PCP might become a hint for developing low molecular weight orally available interferon mimetic drugs following imiquimod and RO4948191 as agonists of toll-like receptor and interferon receptor.
INTRODUCTION
The Percellome Toxicogenomics Project is designed to identify dynamic and extensive networks of genes whose time-and dose-dependent patterns of expression in response to a chemical allows its toxic effects to be predicted. For this project, we developed a standardization method for microarrays and quantitative PCR that produces copy number of mRNAs per one cell (designated as "Percellome method") (Kanno et al., 2006) . This method allowed us to directly and quantitatively compare gene expression data among samples, studies, organs and even species using four arithmetic operations. One hundred and eleven chemicals (as of June 2013, Supplementary Table 1), most of which are known for their toxicity, were examined using the standard protocol of the project.
Pentachlorophenol (PCP) was examined in adult male C57BL/6 mouse liver. This compound has been used for multiple purposes such as herbicide, insecticide, fungicide, disinfectant, and other preservative purposes, moreover, its metabolism and toxicity, including carcinogenicity have been well studied. PCP is known to induce morphological changes in liver, kidney, hematopoietic, respiratory, immune and neural systems together with irritation of exposed sites. Hepatocarcinogenicity was demonstrated in rodents; the postulated mechanism involves hydroxyl radical mediated DNA adduct formation and oxidative stress by the PCP metabolites. Functional symptoms, such as hyperthermia (sometimes life-threatening), profuse sweating, nausea, and uncoordinated movements were noted. Hyperthermia and other functional symptoms have been explained by the uncoupling of oxidative phosphorylation in mitochondria.
Here, we report that a comprehensive Percellome analysis revealed that PCP was the only chemical among the 111 tested in our project that strongly induced the interferon signaling gene (ISG) network. Additional pathways induced by PCP were Nrf2-mediated oxidative stress responses and other metabolic pathways more commonly seem among the 111 chemicals.
MATERIALS AND METHODS

Test chemical
PCP, standard grade (100.0% by gas chromatography coupled with flame ionization detector, Wako Pure Chemical Industries, Ltd., Tokyo, Japan) was dissolved in water containing 0.5% methyl cellulose (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan).
Animal experiments
All experiments were carried out under approval of Experimental Animal Use Committee of National Institute of Health Sciences, Japan. C57BL/6 Cr Slc (Japan SLC, Inc., Shizuoka, Japan) twelve week-old male mice maintained in a barrier system with a 12 hr photoperiod were used in this study. Prior to the main study, a dose finding study was performed. This study revealed that 100 mg/kg was the maximum dose without clinical symptoms or alteration in H&E histology of the liver sampled 24 hr after single oral administration (a standard criteria for the top dose of the Percellome Project study). For the liver transcriptome experiments, forty eight mice were divided into four groups with twelve each, and given a single dose of PCP at 0, 10, 30 and 100 mg/kg by oral gavage. At 2, 4, 8 and 24 hr post-gavage, three randomly selected mice from each dose groups were euthanized by exsanguination under ether anesthesia and the livers were excised into ice-cooled plastic dishes. Tissue blocks weighing 30 to 60 mg were placed in an RNase-free 2 ml plastic tube (Eppendorf GmbH., Hamburg, Germany) and soaked in RNAlater (Ambion Inc., Austin, TX, USA) within 3 min of the beginning of anesthesia. The 12 animal sampling for each time point was finished within 25 to 30 min in order to avoid circadian-based variation within a time point.
Sample preparation and GeneChip measurement
The tissue blocks soaked in RNAlater were kept overnight at 4°C or until use. RNAlater was replaced in the 2 ml plastic tube with 1.0 ml of RLT buffer (Qiagen GmbH., Hilden, Germany), and the tissue was homogenized by adding a 5 mm diameter Zirconium bead (Funakoshi, Tokyo, Japan) and shaking with a MixerMill 300 (Qiagen GmbH) at a speed of 20Hz for 5 min (only the outermost row of the shaker box was used).
Three separate 10μl aliquots were taken from each sample homogenate to another tube and mixed thoroughly. A final 10 μl aliquot there from was treated with DNAsefree RNase A (Nippon Gene Inc., Tokyo, Japan) for 30 min at 37°C, followed by Proteinase K (Roche Diagnostics GmbH., Mannheim, Germany) for 3 hr at 55°C in 1.5 ml capped tubes. The aliquot was transferred to a 96-well black plate. PicoGreen fluorescent dye (Molecular Probes Inc., Eugene, OR, USA) was added to each well, shaken for 10 sec four times and then incubated for 2 min at 30°C. The DNA concentration was measured using a 96 well fluorescence plate reader with excitation at 485 nm and emission at 538 nm. λ phage DNA (PicoGreen Kit, Molecular Probes Inc.) was used as standard.
As reported previously, the graded-dose spike cocktail (GSC) made of the following five Bacillus subtilis RNA sequences were selected from the gene list of Affymetrix GeneChip arrays (AFFX-ThrX-3_at, AFFX-LysX-3_ at, AFFX-PheX-3_at, AFFX-DapX-3_at, and AFFX-TrpnX-3_at) present in the MOE430 arrays was added to the sample homogenates in proportion to their DNA concentrations (Kanno et al., 2006) . Then, the sample homogenates spiked with GSC were processed according to the Affymetrix standard protocol. The GeneChips used were Mouse 430 2.0. We used the in house developed SCal4 (Spike Calculation version 4, by K.A.) to check the efficiency of in vitro transcription, and the dose-response linearity of the five GSC spikes and to produce Percellome data, i.e. absolutized mRNA copy numbers of each PS were generated.
The data consist of four dose levels and four time points, generating a 4 x 4 matrix. The mean value (m) with standard deviation (sd) was calculated from the triplicates for all of the probe sets (PSs) for each dose-time points. In order to better visualize the changes at 2 hr, the vehicle value was used for putative zero point, and drawn a 5 x 4 surface three-dimension (3D) surface graph with X-axis for dose, Y for time, and Z for expression as shown in Fig. 1 .
Comprehensive selection of treatment-responding mRNAs
The in house developed software, RSort (Roughness Sort by K.A.) was used for automatic selection of treatment-responding mRNAs. This program sorts the PSs based on the roughness of the 3D surface. In other words, calculate the numbers of peaks (upward and downward) in a surface and sort by the number of peaks (maximum of eight peaks in 4 x 4 grid of the surface). Next, it filters the PSs by the number of peaks (normally three or less peaks) and additional parameters such as maximum expression level (normally more than one copy per cell for liver samples), p values between vehicle and top dose groups (P < 0.05 or p < 0.01). Here, a surface was selected when it had three peaks or less, the first peak in high doses (at any time) or the first peak in middle doses if its value is not significantly different from the neighboring high dose at p < 0.01 by Student's t-test, and the value of the peak is significantly different from that of vehicle control at p < 0.05 by Student's t-test. These automatically selected PSs were then visually checked for their 3D-surface shapes (to eliminate noisy data), and subdivided into those showed initial changes at 2, 4, 8, and 24 hr. A crossreferencing program named PE (Percellome Explorer, by K.A.) was used to select a list of chemicals that share PSs common to the visually confirmed list of PCP. The PE contains the gene lists automatically selected by the RSort of all data in our Percellome Project (168 datasets for liver samples, 286 for all samples), and automatically cross-refers and sorts out the chemicals sharing the same PSs (Fig. 2) . The automatically selected gene lists (product sets) were visually checked to remove noise surfaces.
In Situ Hybridization
For in situ hybridization of Irf7 and Stat1 mRNAs, QuantiGeneViewRNA ISH Tissue Assay kit (Affymetrix, Inc., Santa Clara, CA, USA) was used. The probes were designed and synthesized by Affymetrix; regions covered were 2-1461 bases for Irf7 and 707-1710 bases for Stat1. 10% buffered formalin fixed liver tissues were dehydrated and embedded in paraffin. Tissue sections were mounted on "FRONTIER coated glass slides" (Matsunami Glass Ind., Ltd. Osaka, Japan). The slides were completely dried and stored until use. The slides were re-fixed in 10% formaldehyde for 1 hr at room temperature and washed with PBS and deparaffinized with xylene, pretreated in 1x Pretreatment Solution at 98°C for 30 min and digested with Protease QF at 40°C for 20 min. The probes were hybridized at 40°C for 2 hr and the signals were detected with Fast Red.
RESULTS
The numbers of PSs that started to change in response to PCP treatment at 2, 4, 8 and 24 hr were 98, 55, 127 and 1192 respectively (Supplementary Table 2 , Supplementary Fig. 1 ). Chemicals or treatment in the Percellome database ( Supplementary Table 1) , that shared the PS list with PCP are shown in Table 1 . The chemicals that shared the most with the 2 hr PS list of PCP Project data: The project data consist of four dose levels and four time points, generating 4 x 4 matrix. The mean value and standard deviation were calculated from the triplicate data. In order to better visualize the changes at 2 hr, the vehicle value was used for zero hour data to draw a 5 x 4 surface graph with X-axis for dose, Y for time, and Z for expression. Here, Affymetrix ID 1449851_at (Per1, period homolog 1) is shown. The 5 x 4 mesh made by the mean values was painted in translucent green (mean surface). The mean surface is rainbowcolored from blue, green, red to yellow according to its peak absolute values (cf. Fig. 3 , Supplementary Fig. 1 ). Above and below the mean surface, +1sd and -1sd surfaces were overlaid using transparent blue. The dose-response curve at 2 hr, 4 hr, 8 hr and 24 hr are highlighted in blue, green, yellow and red. In a direction perpendicular to the dose-response curves, time course of each dose groups and vehicle group is indicated (not highlighted). The graph reads that the highest dose peaked at 4 hr at around 9 copies per cell; the middle dose peaked at 8 hr above 10 copies per cell. The vehicle group (V) showed the circadian change and peaked at 8 hr.
The small red crosses are data of each animal sample (n = 3). Yellow asterisks indicate that the marked mean values were significantly different from concurrent vehicle value by p < 0.05 (Student's t-test).
was sodium dihydroacetate (TTG154-L); 51 PSs, followed by acephate (TTG109-L); 24 PSs, down to 5-fluorouracil (TTG160-L); 4 PSs. The sum set (or union of sets in set theory) of the 2 hr PS lists that are listed in the 2 hr column of the Table 2 ).
Profiles of genes changed at 2, 4 and 8 hr
The PS list common to other chemicals (Common list) contained the gluconeogenesis pathway of PGC-1A (Ppargc1a)/Foxo1/HNF4 (Puigserver et al., 2003) that were induced at 2 hr (Fig. 3) . This finding is in concordance with the report in experimental animals that PCP acutely induces hyperglycemia (Deichman et al., 1942; Clayton and Clayton, 1981) . Ppargc1a was reported to increase the expression of Lpin1 (Finck et al., 2006) , which was also the case here. A small set of genes encoding metabolic enzymes was induced during the first 8 hr, including Cyp2a4, Cyp4f16, Cyp7a1, Cyp17a1, Cyp39a1, Fmo2, and Fmo5 (Fig. 3) .
Ingenuity pathway analysis (Ingenuity Systems, Inc. Redwood City, CA, USA) indicated that these genes are likely to be induced by Nr1i3 (CAR), Nr1i2 (PXR/ SXR) or Nr5a1 (data not shown). Although our RSort program did not identify these nuclear receptors, manual search showed that PXR/SXR was induced by PCP (Fig. 3) . These changes were not unique to PCP and shared by some of the chemicals in the Common list (cf. Supplementary Table 2) . Down regulation of Fos and JunB at 2, 4, and 8 hr (Fig. 3) was uniquely found in the PCP gene list. Bioinformatic analysis did not identify any associated pathways.
Profiles of genes started to change at 24 hr
The list of PSs induced at 24 hr contained two large networks. About half of the PSs showing altered expression by PCP were assigned to the interferon signaling pathway (Fig. 4, Supplementary Fig. 1 ). The interferon signaling genes (ISG) were highly up-regulated from Stat1, Stat2, Tyk, to Irf7, Myd88, Oas, Ifit, Cxcl10 and other downstream targets. Toll like receptors (TLRs) and other pattern recognition receptors (PRR), interferon regulatory factors (Irf) and interferon (Ifn) itself were included. These ISGs were uniquely induced by PCP. It is notable that inflammatory cytokines such as Tnf-α, IL-12 and CD40 were not effectively induced by PCP. The Ingenuity Pathways also plotted many genes in the interferon signaling with a very high probability score (Fig. 6) .
In situ hybridization confirmed that hepatocytes were producing the Irf7 and Stat1 in a dose dependent manner (Fig. 7 , only vehicle and top dose were shown).
The other half was assigned, by Ingeunity Pathway analysis, to Nrf2-mediated Oxidative Stress Responses In situ hybridization of Irf7 and Stat1. a) Vehicle control liver stained for Irf7. In a very low back ground, a small nest of hepatocytes was positively stained for Irf7. b) Vehicle control liver stained for Stat1. In a very low back ground, a small nest of hepatocytes was positively stained for Irf7. It is likely that the same hepatocyte is producing both mRNAs. c, d) High dose group stained for Irf7 and Stat1. Hepatocytes were shown to produce both mRNAs in a ubiquitous manner.
accompanying distinct induction of Keap1, and other metabolic pathways (Figs. 5 and 6, Supplementary Table 1) . Those networks were in the Common list mentioned above. Other networks were not effectively identified by the Ingenuity pathway analysis.
DISCUSSION
Among the chemicals tested in the Percellome project, PCP was slow to induce changes in gene expression; only around one hundred PSs were induced before 8 hr and 1,200 PSs at 24 hr. It would be plausible to hypothesize that PCP was metabolized during the first 8 hr and that the metabolite(s) then induced the 24 hr burst of ISGs and Nrf2-mediated genes. The time course of PCP action is in accord with the reported biological half-life of PCP; 6 to 27 hr in rodents (Larsen et al., 1972; Braun et al., 1977) . A few metabolizing enzymes located downstream of PXR/SXR were induced during the first 8 hr (Fig. 3) . The presence of DEHP in the top part of the common chemical list in Table 1 is also consistent with this hypothesis.
It would be of interest to ascertain whether PCP or its metabolite(s) could be PXR/SXR ligands. Metabolites known are tetrachloro-p(o)-hydroquinone (TCpHQ and TCoHQ) and tetrachloro-p-benzoquinone (chloranil, TCpBQ). Further, TCpHQ is reported to be metabolized, generating hydroxyl radicals with a help of H 2 O 2 without Fenton reaction, to trichloro-hydroperoxyl-1,4-benzoquinone (TrCBQ-OOH) and trichloro-hydroxy-1,4-benzoquinone (TrCBQ-OH) (Zhu and Shan, 2009) . We have no Percellome data of those metabolites and, to date, there are no reports on the interaction of PCP or its metabolites with the PXR/SXR. There are reports that PCP affects the function of estrogen receptor (Jung et al., 2004) and thyroid hormone receptor (Kawaguchi et al., 2008) . Further study will be needed to identify the triggering event for the earliest responses to PCP. Hepatocarcinogenic activity of PCP has been shown by rodent studies (NTP, 1999) . The metabolites of PCP mentioned above were considered as the cause of oxidative stress or the hydroxyl radical insults against the liver (Zhu and Shan, 2009; Tasaki et al., 2012) .
It was reported that Tlr4-mediated, lipopolysaccharideinduced activation of the Ifn-β promoter was inhibited by PCP in a Myd88-independent way (Ohnishi et al., 2008) . On the other hand, PCP was considered to trigger Tlr4 via the induction of hydroxyl radicals (Lucas and Maes, 2013) . In our experiment, PCP had significantly up-regulated Myd88, Irak1, Traf6, Tlr2, Tlr3, Tlr5, Tlr9 at 24 hr. Although the induction did not reach statistical significance, Tlr4 expression was also elevated. In addition, Irf 3, Irf7 and Irf9 were also induced. These findings might indicate that the TLR system was triggered by PCP itself, its metabolites or hydroxyl radicals via modifying the cytoplasmic proteins; abnormal proteins might be sensed by the TLRs or the pattern recognition receptors (PRR) system. Since Irf3, 7, 9 and Ifn-α1 expression are also increased, it could be possible that Irf mediated autocrine or paracrine of the Ifn-α is triggered, resulting in a burst of ISGs, as postulated by Sato et al. (Sato et al., 2000) .
Although Myd88 is mobilized, NF-κB, TNF, IL12 and CD40 were not induced, indicating that there may be a switch towards inflammatory cytokine production that was not directly induced by PCP. In relation to the switching mechanism, there is a report that isopropanol impaired AP-1 activation by removing Fos and JunB from the nuclear region of monocytes in vitro and suppressed Tlr4-mediated lipopolysaccharide stimulated Tnf-α production (Carignan et al., 2011) . In our data, Fos/JunB was down-regulated at earlier phase. As this change might correspond to AP-1 suppression (Gomard et al., 2010) , one possibility could be that PCP itself (as an alcohol/phenol) inhibited inflammatory cytokine production.
In contrast to the possible indirect mechanisms noted above, there are two examples that lead us to consider a possibility of direct activation of the ISGs. The first example is a low-molecular weight compound "imiquimod", a Tlr7 agonist, already on the market for treatment of skin viral infection (Hemmi et al., 2002) . Subcutaneous injection of imiquimod was reported to induce fever, sickness behavior and induction of ISG in rats (Damm et al., 2012) . The second example is a new polyfluoromethylated compound, 8-(1, 3,4-oxadiazol-2-yl)-2, 4-bis (trifluoromethyl) imidazo [1, 2-a] [1, 8] naphthyridine (RO4948191) which was reported to be an orally available low molecular weight interferon receptor agonist. RO4948191 was shown to induce a set of ISGs (Konishi et al., 2012) , such as Oas1, Adar, Bst1, Stat1, Ifit3, Usp18, Isg15, Herc6 and Cxcl10. These two examples of direct ligands to TLR and IFNR lead us to hypothesize that PCP and/or its metabolites may be able to directly activate these receptor systems (Fig. 8) . Further investigation will be needed to clarify the molecular mechanism(s) through which PCP administration triggers the ISGs. It is tempting to speculate that this classic toxin, PCP, could be used as a new lead for orally applicable interferon-manipulating and/or cytokine switching drugs.
Hyperthermia or hyperpyrexia, profuse sweating, uncoordinated movement, muscle twitching, and coma are reported in humans and experimental animals as acute symptoms of PCP poisoning. These functional symptoms were reported to be caused by the mitochondrial uncoupling effect of PCP. Ucp2 and Ucp3 and some mitochondrial genes are induced in this study (Supplementary  Table 2 , Supplementary Fig 1) . These genes are supportive for uncoupling effect. However, many of the Krebs cycle enzymes were not induced and those that were induced showed very small increases compared to the induction of ISGs. Some peroxidases were also mildly induced, but catalase was not induced by PCP. In the Percellome database, chemicals reported as uncouplers are aspirin, ethanol, sodium arsenite, and 2,4-dinitrophenol. Under the current computational condition, none of them was picked up as a chemical sharing PS list with PCP.
Taken together, our data may be interpreted to indicate that the functional symptoms represented by hyperthermia can be induced by PCP mainly through the activation of ISGs. This interpretation is backed up by the literature on "endogenous pyrogens" (Dinarello, 1999) and on imiquimod (Damm et al., 2012) .
Finally, although not yet perfected, the performance of the RSort and PE programs were demonstrated to be sufficient to sort out biologically meaningful changes for the comprehensive characterization of PCP. Manual searches employing different criteria added about 100 mildly changing PSs (data not shown), but the conclusions of our study were not affected. Nevertheless, further refinement for the better coverage is underway.
In conclusion, the RSort program-based comprehensive cross-reference of the Percellome database revealed that PCP was the only chemical among 111 orally administered chemicals that significantly induced the ISGs in hepatocytes. In situ hybridization confirmed that the parenchymal hepatocytes are responding to PCP. Two possible mechanisms were discussed; indirect mechanism via the PRR system, and direct stimulation of the Tlr(s) or IfnR(s). Further study is needed to clarify the possible molecular mechanisms.
